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Background and purpose: There is increasing evidence that not only the monoaminergic but also the glutamatergic system
is involved in the pathophysiology of attention-deficit hyperactivity disorder (ADHD). Hyperactivity of glutamate metabolism
might be causally related to a hypoactive state in the dopaminergic system. Atomoxetine, a selective noradrenaline reuptake
inhibitor, is the first non-stimulant approved for the treatment of this disorder. Here we have evaluated the effects of
atomoxetine on glutamate receptors in vitro.

Experimental approach: The whole-cell configuration of the patch-clamp technique was used to analyse the effect of
atomoxetine on N-methyl-D-aspartate (NMDA) receptors in cultured rodent cortical and hippocampal neurons as well as on
NMDA receptors heterologously expressed in human TsA cells.

Key results: Atomoxetine blocked NMDA-induced membrane currents. Half-maximal inhibition emerged at about 3 uM
which is in the range of clinically relevant concentrations found in plasma of patients treated with this drug. The inhibition was
voltage-dependent, indicating an open-channel blocking mechanism. Furthermore, the inhibitory potency of atomoxetine did
not vary when measured on NMDA receptors from different brain regions or with different subunit compositions.
Conclusions and implications: The effective NMDA receptor antagonism by atomoxetine at low micromolar concentrations
may be relevant to its clinical effects in the treatment of ADHD. Our data provide further evidence that altered glutamatergic
transmission might play a role in ADHD pathophysiology.
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ADHD, attention-deficit hyperactivity disorder; CYP2D6, cytochrome P-450 2D6 enzyme; DAT, dopamine
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Introduction

Attention-deficit hyperactivity disorder (ADHD) is the most
frequently diagnosed neuropsychiatric disorder in childhood
with an estimated prevalence of 5% worldwide (Polanczyk
et al., 2007). The three cardinal symptoms are hyperactivity,
inattention and impulsivity (Biederman and Faraone, 2005).
The psychostimulant methylphenidate, a substance of first
choice in the treatment of ADHD with the remarkable effect
size of about 1.0 in different patient groups (Szobot et al.,
2004; Findling et al., 2007a), is an inhibitor of the presynaptic
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dopamine transporter (DAT). It is still under discussion
whether alterations of the dopaminergic system are the
primary pathophysiological cause for ADHD symptoms or the
sequelae of other underlying neurobiological mechanisms
such as hyperactivity in the glutamatergic system (Carrey
etal., 2007; Lulé et al., 2008). Moreover, it is still unclear
if other deficiencies, for instance, in the noradrenergic, sero-
tonergic or GABAergic systems, play a role. In spite of the high
effect sizes in acute treatment, the long-term outcome in
ADHD is not satisfying, not even after methylphenidate treat-
ment for years. In the 8 year follow-up of the Multimodal
Treatment study of children with ADHD (n = 487), some
children showed substantial long-term benefit from medica-
tion while others showed little improvement (Molina et al.,
2009). Therefore, alternative treatment options are in great
demand. As the first non-stimulant medication, atomoxetine
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was approved for ADHD treatment in 2002. Atomoxetine is
supposed to bind selectively to the presynaptic noradrenaline
transporter (NET) (enzyme inhibition constant [K] -~
4.5 nmol-L™"), with minimal affinity for the other monoamine
transporters or receptors (Swanson et al., 2006; Michelson
et al., 2007). Methylphenidate and atomoxetine increase both
noradrenaline and dopamine in prefrontal cortex and show
similar inhibitory and excitatory effects on motor cortex
(Gilbert et al., 2006). But whereas methylphenidate is effective
within 30-60 min, the therapeutic effect of atomoxetine takes
at least 2-3 up to 6 weeks to develop. This fact questions the
assumption that the effect is solely mediated by the rapid
blockade of the NET which could be detected in experimental
studies (Seneca et al., 2006).

Atomoxetine’s chemical structure resembles that of fluox-
etine, the most commonly used selective 5-HT reuptake
inhibitor. The only difference is a methyl group in the ortho
position instead of the trifluoromethyl group in the para
position. Hence, it seems to be reasonable to investigate if
some of fluoxetine’s properties are also relevant for atomox-
etine. In a recent study, a direct inhibiting effect of fluoxetine
on N-methyl-D-aspartate (NMDA) receptors could be demon-
strated (Szasz et al., 2007). Therefore, we investigated the pos-
sible impact of atomoxetine on NMDA receptors by means of
the patch clamp technique in rodent embryonic cortical and
hippocampal neurons.

Methods

Cell culture

Different types of NMDA receptor-containing cells were used,
i.e. primary neurons cultured from the cortex and the hip-
pocampus of the rat and TsA201 cells transfected with cDNAs
encoding for NMDA receptors.

Primary cultures of embryonic cortical and hippocampal
neurons from the rat were prepared according to Goslin and
Banker (1989) modified by Dresbach ef al. (2003). In brief,
cortices and hippocampi from E18 rat embryos were digested
using trypsin (0.25%) and DNase 1 (48 U) for 15 min at 37°C.
Thereafter, the tissue was mechanically dissociated in Dulbe-
co’s modified Eagle medium supplemented with 10% fetal
calf serum, 2% B27, 50 U-mL™" penicillin, 50 ug-mL™" strepto-
mycin and 2 mM glutamine. The cells were then plated at a
density of 1.5 x 10° cells per glass coverslip, pre-coated with
poly-L-lysine (S0 ug-mL™). After 24 h the medium was
exchanged for neurobasal medium containing 50 U-mL™
penicillin, 50 ug-mL™" streptomycin, 2 mM glutamine, and
1% B27 and cultured at 37°C in a humidified atmosphere with
5% CO..

The TsA201 cell line is a derivative of the human embryonic
kidney cell line HEK-293 (ATCC#CRL1537), which expresses a
T-antigen against the simian virus 40. TsA cells were cultured
at 37°C in a humidified atmosphere at 95% air and 5% CO, in
MEM supplemented with 50 U-mL™ penicillin, 50 pg-mL™
streptomycin  (Gibco, Eggenstein, Germany), 2 mM
L-glutamine (Boehringer, Mannheim, Germany), and 10%
fetal calf serum (Gibco). The cells were grown on
polyornithine-coated culture dishes to 40% confluency and
transfected using the Trans-Fektion™ kit (Bio-Rad, Miinchen,
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Germany). For the construction of NMDA receptors (nomen-
clature follows Alexander et al., 2008), the subunits GluN1
(Moriyoshi et al., 1991) and GIuN2A or GluN2B (Kutsuwada
et al., 1992; Monyer et al., 1994) were used. After transfection,
ketamine (200 uM) was added to the culture medium.

Electrophysiology

Electrophysiological experiments were performed with
neurons cultivated for 8-14 days or with TsA cells 24-48 h
after transfection. Membrane currents were recorded in the
whole-cell recording mode using an EPC-9 amplifier and TIDA
software (HEKA, Lambrecht, Germany) (Hamill et al., 1981).
Before recording, the cells were rinsed twice with extracellular
standard solution composed of (in mM): 140 NacCl, 2.7 KCl,
1.5 CaCl,, 10 glucose and 12 HEPES; pH 7.3, supplemented
with strychnine (100 uM) and tetrodotoxin (TTX; 50 nM).
This solution was also used for the analysis of transfected TsA
cells, if not stated otherwise. Patch pipettes were drawn from
borosilicate glass with tip resistances between 3 and 6 MQ
when filled with (in mM) 140 CsCl,, 2 MgCl,, 2 ATPx2Na, 2
EGTA, 10 HEPES; pH 7.2. In order to minimize Ca*-
dependent receptor inactivation and/or desensitization and
to avoid possible effects of the ion channel blockers (see
above), we reduced the Ca* concentration to 0.3 mM and
added no ion channel blockers. This extracellular low Ca*
solution was solely employed for the analysis of heterolo-
gously expressed NMDA receptors when indicated. In these
experiments EGTA in the internal solution was replaced by
BAPTA (2 mM). To improve sealing, tips were briefly dipped
into 2% dimethylsilane dissolved in dichlormethane. Unless
otherwise stated all experiments were performed at room tem-
perature and the membrane potential clamped to —80 mV.

Drug application

The medium in the dish (1.5 mL) was continuously
exchanged using a ‘global’ bath perfusion with the inflow set
at 4.5 mL-min™ and the outflow removing any excess fluid.
Reagents were applied to the cells using the L/M-SPS-8 super-
fusion system (List, Darmstadt, Germany). To restrict the pres-
ence of the reagent to a small volume within the dish a ‘local’
bath perfusion was used that generated a continuous flow of
the reagent in the desired concentration. The local inlet (tip
of an eight-barrelled pipette) was positioned at a distance of
50-100 um upstream and the local outlet at about 300 pm
downstream of the measuring field. The selection among the
eight vessels connected to the eight-barrelled pipette was con-
trolled with magnetic valves. A constant flow rate of control
and test solutions (1 mL-min™') was achieved by means of a
pressure control system (MPCU-3, Lorenz, Gottingen,
Germany). The time of solution exchange was estimated from
the changes in the liquid junction potential to be about 1 ms.
Using this system, current rise times (10-90%) of around 6 ms
were achieved by application of 3 mM glutamate to cultivated
neurons (Dinse et al., 2005).

Data analysis
Concentration-inhibition curves
Equation (1):

were fit to the Hill
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Where Ionior is the current amplitude in the absence and I in
the presence of the blocker. [B] is the concentration of the
blocker, ICs, is the concentration of the blocker that causes
50% inhibition and n is the Hill coefficient.

For the analysis of the voltage-dependence of block by
atomoxetine, data were analysed using the model of
Woodhull (1973) by fitting the data to Equation (2):

Lia =K [{(Ko) + [Bl*exp(-z3FV/RT)} (2)

L is the relative amplitude of the current in the presence of
the blocker. K, is the equilibrium dissociation constant at
0 mV. [B] is the concentration of the blocker, z is the valence
of the blocker, 8 is the electric distance across the electric field
of the membrane at which the blocker becomes bound; V, F,
R and T are the membrane voltage, Faraday’s constant, gas
constant and the absolute temperature respectively. Curve
fitting was performed using SigmaPlot 10.0 software (Sysstat,
San Jose, CA, USA).

On- and off-rate constants were estimated from T,, and Tox
according to the Equations (3,4):

Kot = 1/Tost 3)

kon = (1/1:011 - 1/‘coff )/[A] (4)

Ton and T are the time constants obtained from on- and offset
of inhibition upon the application and removal of atomoxet-
ine in the continuous presence of agonists. ko, and k. are the
rate constants calculated according to formula 3,4. [A] repre-
sents the concentration of atomoxetine.

Statistical analysis

Statistical significance was determined using ANOVA to
compare many groups or using the unpaired -test when com-
paring the mean results from two groups. A difference
between results was considered significant when P < 0.05.
Results are presented as means * SD.

Materials

Dulbecco’s modified Eagle medium, Hank’s balanced salt
solution, Neurobasal, B27, penicillin/streptomycin,
glutamine were from Gibco BRL (Eggenstein, Germany);
trypsin was from Biochrom AG (Berlin, Germany); DNase 1
from Invitrogen (Carlsbad, Germany); fetal calf serum from
HyClone, Perbio Science (Bonn, Germany) and poly-L-lysine
from Sigma-Aldrich (Schnelldorf, Germany). Atomoxetine
and all other chemicals were from Sigma-Aldrich Chemie
GmbH (Steinheim, Germany).

Results

Reversible inhibition of NMDA-evoked membrane currents of
cortical neurons by atomoxetine

Application of 100 uM NMDA in the presence of 10 uM
glycine in extracellular standard solution to rat cortical
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neurons induced a fast inward current (peak) which declined
to a stable steady-state current (plateau) at the end of a 20 s
drug application. In the presence of 25 pM atomoxetine, pre-
dominantly the plateau currents were reduced, whereas peak
currents were almost unaffected. As a control application after
a 60 s washout period revealed that recovery from inhibition
was still incomplete, an additional control current was evoked
(Figure 1A). In order to establish a concentration-inhibition
relationship we tested atomoxetine in a range from 0.75 to
50 uM in the presence of 100 uM NMDA. For the evaluation
we compared the amplitudes of the plateau currents in the
presence (l..) and absence (Iconor) Of atomoxetine. To consider
the commonly observed phenomenon of current run-down
during repeated and prolonged applications of high concen-
trations of NMDA which amounted to 19.2 = 5.3% (n = 6-8)
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Figure 1 Inhibition of NMDA-induced membrane currents in corti-

cal neurons by atomoxetine. (A) Experimental protocol showing a
typical current trace recorded from cortical neurons. Agonists
(100 uM NMDA + 10 uM glycine) were repeatedly applied for 20 s
intermitted by washout periods of 60 s. Membrane potential was
held at —80 mV. Co-application of atomoxetine reversibly reduced
the steady-state current measured at the end of drug application. (B)
Concentration—inhibition relationship for different concentrations of
atomoxetine. Experiments were performed as shown in A. Data
points represent the relative current amplitude in percentage to
control, resulting in an 1Cso of 3.47 = 0.15 uM. Data from 4 to 6 cells
are shown as the mean *= SD.
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between first and last control and the mentioned delayed
recovery from inhibition, we used the mean of the first and
the last application as control (Iconwor). The resulting data for L
were plotted against the concentration of atomoxetine and
fitted with the Hill Equation (1). From the fit an 1Cs, of 3.47
+ 0.15 uM and a Hill coefficient of 0.9 were calculated (n =
5-6 cells) (Figure 1B).

From preliminary experiments we knew that the half-
maximal effective NMDA concentration for plateau currents
was 18.6 = 1.2 uM and that the effect of atomoxetine on
NMDA-induced currents was independent of the NMDA con-
centration in the range from 10 to 1000 uM, indicating a
non-competitive interaction of atomoxetine with the NMDA
receptor (1 =5 cells). To achieve reliable signal amplitudes we
therefore used NMDA in a concentration of 100 uM which is
near the maximal effective concentration, resulting in current
amplitudes of 858 = 440 pA (n = 38). Furthermore, long-
lasting drug application times (20 s) were required, as the
development of steady-state currents in the presence of ato-
moxetine was time and concentration-dependent, such that
steady-state currents developed much slower at low concen-
trations of atomoxetine.

The inhibitory potency of atomoxetine is independent from the
brain region and NMDA receptor subunit composition

In order to analyse whether atomoxetine differently affects
NMDA receptors on neurons from different brain regions we
measured the inhibitory potency of 3 and 25 uM atomoxetine
at hippocampal and cortical neurons in extracellular standard
solution. The inhibition was not significantly different for the
two brain regions at either concentration of atomoxetine
(Figure 2). As these neurons mainly express the GluN2B
subunit at this developmental stage (Szasz et al., 2007), we
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Figure 2 Inhibitory potency of atomoxetine at native and heterolo-

gously expressed NMDA receptors. NMDA/glycine-induced mem-
brane currents in the presence of 3 or 25 uM atomoxetine are shown
as % control values. The inhibitory potency of atomoxetine at cortical
and hippocampal neurons as well as at GIuNT/GIuN2A and GIuN1/
GIuN2B receptors expressed in TsA cells is illustrated. Experiments
were performed as described in Figure TA. Data obtained from 4 to 6
individual cells are presented as mean + SD. There was no statistically
significant difference between the different groups (P > 0.05).
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extended our experiments to a heterologous expression
system in order to detect a possible difference in the sensitiv-
ity for GluN2A and GluN2B receptors. No difference in the
inhibitory potency of atomoxetine between GIluN2A and
GIuN2B containing receptors was found (Figure 2).

To suppress spontaneous neuronal activity, strychnine and
TTX were present in the standard extracellular solution. As
strychnine is known to operate as a weak open-channel
blocker, we additionally tested the effect of atomoxetine on
the GIuN2A subunit without these blockers (Bertolino and
Vicini, 1988). Expectedly, the inhibition was stronger in the
absence of the blockers. The ICs, values calculated according
to the Hill equation were 3.2 = 0.18 uM in the presence and
1.58 = 0.13 uM in the absence of the blockers (1 = 4-5 cells).

Mechanism of inhibition of NMDA-evoked currents

by atomoxetine

Our results showed a non-competitive NMDA receptor
antagonism of atomoxetine. Therefore, we tested whether the
mechanism of inhibition was that of an open-channel
blocker. Common criteria for open-channel blockers are that
the degree of inhibition occurs in a voltage- and use-
dependent manner. In a first set of experiments we performed
electrophysiological recordings with the extracellular stan-
dard solution at different membrane potentials ranging from
-80 mV to +40 mV while the concentration of the agonists
(100 uM NMDA/10 uM glycine) and that of the antagonist
(25 uM atomoxetine) were kept constant (Figure 3). As shown
in Figure 3B, the inhibitory effect was clearly voltage-
dependent, so that the inhibition was attenuated by depolar-
ization (compare original traces of Figures 1A and 3A).
Additional experiments, conducted in order to differentiate
between a true voltage-dependent channel block and a modu-
lation by Ca*-dependent inactivation/desensitization pro-
cesses, also showed voltage dependence. For this purpose we
tested heterologously expressed GluN1/GluN2A receptors
using the extracellular low Ca* solution and a low agonist
concentration (10 uM NMDA). Under these conditions recep-
tor desensitization was marginal or even absent and the
current run-down between the first and last NMDA applica-
tion was 6.3 = 2.9% (n = 4). However, the voltage dependence
of block by atomoxetine was the same under standard and
low extracellular Ca?* solution.

According to the Woodhull model (Equation 2), we calcu-
lated for our external standard solution a §-value of 0.74 for
the location of the binding site of atomoxetine within the
electric field of the membrane and a theoretical 1Cs, of 32.4 =
1.1uM (n = 4-6 cells) at O mV. The corresponding values
obtained with the extracellular low Ca** solution were 0.83
and 33.4 = 1.9 uM (n = 4-6 cells).

To look for a possible use-dependent blocking mechanism
we used two different experimental designs. In a first set-up
we analysed current amplitudes obtained from repeated
short-term (2's) applications of agonists (10 uM NMDA +
10 uM glycine) in the absence or continuous presence of
atomoxetine (25 uM) (Figure 4, left). Using the extracellular
low Ca?* solution, control currents revealed a run-down of 4.7
+ 1.7% from the first to the last (12th) agonist application.
When atomoxetine was superfused, inhibition of evoked
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Figure 3 Voltage-dependent block of NMDA-induced membrane
currents in cortical neurons by atomoxetine. (A) Agonists (100 uM
NMDA + 10 uM glycine) were repeatedly applied to cortical neurons
for 20 s intermitted by washout periods of 60 s while the membrane
potential was held at +20 mV. Co-application of atomoxetine
(25 uM) shows a reduced inhibitory potency compared with the
membrane potential at —-80 mV (see Figure 1A). (B) Summary of
experiments showing the relative current amplitudes in the presence
of 25 uM atomoxetine at different membrane potentials. The degree
of plateau current inhibition diminishes with membrane depolariza-
tion. Fitting the data according to Equation 2 (Woodhull model)
revealed a §-value of 0.74. Data from 4 to 6 cells are presented as
mean * SD.

currents continuously increased from 36.6 = 12.6% to 91.4 =
2.8%. During washout (six control applications), current
amplitudes recovered to 58.7 + 2.4% of first control (n = 3
cells; data not corrected for run-down).

In order to differentiate whether this time-dependent
increase in inhibition required the activation of the channel
we compared the time course of inhibition obtained from
long-term (20 s) applications of co-application of agonists
and atomoxetine, with that obtained after a pre-incubation
of atomoxetine for 20 s (Figure 4, right). The time course of
inhibition was identical under both conditions. In detail,
time constants without (2.04 * 0.32s) and after pre-
incubation of atomoxetine (1.93 = 0.31 s) were not signifi-
cantly different (n = 6-8 cells; P > 0.05). These results provide
further evidence that atomoxetine blocks NMDA receptors in
an use-dependent manner. So, atomoxetine fulfils yet
another criterion to be an open-channel blocker of NMDA
receptors.
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Evidence for interference between the Mg?* and the
atomoxetine-binding site
As our calculations indicated a binding site deep within the
channel pore, it was reasonable to assume that atomoxetine
might interact with the binding site for Mg?* ions. In order to
test this hypothesis we compared offset time constants at
GluN1/GIluN2A receptors because of the application of Mg*
ions (5 mM) or atomoxetine (25 uM) alone, with that of their
combined application (Figure 5). Note, that Mg* ions had
been pre-incubated for 10s before the combination was
tested. Using the extracellular low Ca solution, offset time
constants (T.¢) were estimated to be 115 = 36 ms for Mg*
ions, 21 960 + 6062 ms for atomoxetine and 124 = 34 ms for
Mg?" plus atomoxetine (n = 4 cells). As the offset time con-
stants for Mg*" alone and Mg*" plus atomoxetine are nearly
identical, it can be assumed that Mg* ions had prevented
atomoxetine from interacting with its binding site. Thus,
these data suggest that Mg* and atomoxetine are likely to
have a common interaction site at the NMDA receptor.
These measurements are also the basis for the calculation of
kon and ko rate constants for atomoxetine. According to Equa-
tions (3,4), ko, was calculated to be 1.86 x 10* M~ s7! and K
was calculated to be 0.048 s! (n = 4-5 cells).

Discussion

The main finding of our investigation is that atomoxetine
blocks NMDA receptors in low micromolar concentrations
that are equivalent or even lower than those found in plasma
of treated patients.

Mechanism of block

Our finding that atomoxetine interacts with NMDA receptors
in a non-competitive manner indicates that atomoxetine
might bind to the receptor apart from the ligand-binding site.
In the case of ion channels, the term ‘non-competitive’ also
includes sites located within the channel pore. Indeed, an
open-channel blocking mechanism for atomoxetine is sug-
gested from the voltage and use dependency of the block and
the localization of the interaction site deep within the
channel pore. The calculated §-value for the electrical distance
of 0.74 closely coincides with that for Mg?* ions (0.78) (Sobo-
levsky and Yelshansky, 2000). Thus, it can be assumed that
atomoxetine might interact with the Mg*-blocking site of the
NR1 subunit of the NMDA receptor. This assumption is
further strengthened by comparing offset time constants
obtained from the application of Mg* ions, atomoxetine by
themselves or a combination thereof. As the offset time con-
stants for the co-application were identical with that of Mg*
ions, it can be assumed that pre-application of Mg* ions had
masked the binding site for atomoxetine. A similar behaviour
has previously been observed with desipramine but not with
fluoxetine (Szasz et al., 2007). Whether other parts of the ion
channel contribute to the interaction of atomoxetine within
the channel pore, as reported for memantine remains to be
shown (Chen and Lipton, 2005). Very recently, atomoxetine
was shown to inhibit human Ether-a-Go-Go-Related Gene
channels. Also here, an open-channel blocking mechanism

British Journal of Pharmacology (2010) 160 283-291
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Figure 4 Use-dependent block of heterologously expressed NMDA receptors by atomoxetine. Typical current traces obtained from TsA cells,
transfected with GIuUNT/GIuN2A receptors after application of agonists (10 uM NMDA + 10 uM glycine) in the absence and presence of
atomoxetine (25 uM). Left, repeated applications of agonists for 2 s every 30 s. (A) Control currents and (B) currents obtained in the continuous
presence of atomoxetine as indicated by solid line. (C) Summary of current amplitudes, normalized to the first control current (n = 3 cells).
Control currents are represented by open circles, currents in the presence of atomoxetine by closed circles. Right, typical current traces
obtained from (D) application of agonists separately, (E) co-application of agonists and atomoxetine (Ato) and (F) pre-application of
atomoxetine for 20 s before co-application. Time courses of current reduction by atomoxetine are identical in (E) and (F) (n = 4 cells). All
experiments were performed in extracellular low Ca?* solution with the membrane potential held at —-80 mV.

was suggested, as the effect of atomoxetine was attenuated
when pore mutants of this channel were analysed (Scherer
et al., 2009).

Our finding that the inhibitory potency of atomoxetine was
the same using neurons from different brain regions or het-
erologously expressed NMDA receptors containing GluN2A or
GluN2B might also be related to its mechanism of action.
Provided that atomoxetine exclusively interacts with the
Mg*-binding site, we would expect that atomoxetine affects
GIuN2A or GluN2B subunit-containing receptors equally, as
these receptors are almost identical in their sensitivity for
Mg? ions (Wrighton et al., 2008). Furthermore, the lack of a
difference in the responsiveness of cultivated hippocampal
and cortical neurons is in line with these statements as these
neurons primarily express the GluN2B subunit at this devel-
opmental stage (Szasz et al., 2007).

Antidepressants have previously been shown to modulate
glutamatergic neurotransmission, a mechanism that presum-
ably contributes to the antidepressant effect (reviewed in Pit-
tenger and Duman, 2008). Atomoxetine is structurally very
similar to fluoxetine. However, from its mechanism of action
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atomoxetine resembles desipramine which also operates as an
open-channel blocker, whereas the binding site for fluoxetine
seems to be outside the channel pore (Sernagor et al., 1989;
Szasz et al., 2007). So far, no proved explanation can be
offered for the different mechanisms of action of atomoxetine
and fluoxetine. The hydrated trifluoromethyl group in the
para position of fluoxetine instead of atomoxetine’s simple
methyl group in the ortho position, potentially leads to a
different steric interaction which might prevent fluoxetine
from entering the pore.

The ICsy at cortical neurons (about 3 uM) is well in the
range of clinically relevant concentrations. In vivo, this value
might even be lower as our experiments were conducted in
the presence of strychnine which also interacts with the
NMDA receptor by an open-channel blocking mechanism
(Bertolino and Vicini, 1988). Our data, obtained with heter-
ologously expressed NMDA receptors, revealed that in the
absence of strychnine, the ICso was reduced twofold. Thus, a
similar reduction in the ICs, could be expected for cortical
neurons under these conditions. Therefore, atomoxetine
would be even more potent in vivo.
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Figure 5 Inhibition of NMDA-induced membrane currents in the
absence and presence of Mg?" ions. Typical current traces obtained
from TsA cells, transfected with GIuN1/GIuN2A receptors after (A)
application of atomoxetine (Ato) (25 uM), (B) Mg?* ions (5 mM) or
(C) Mg?* ions plus atomoxetine in the continuous presence of ago-
nists (10 tM NMDA + 10 uM glycine). The time constants of T, upon
removal of antagonists were 21 960 = 6062 ms for atomoxetine, 115
+ 36 ms for Mg?" and 124 * 34 ms for Mg?* plus atomoxetine (n =
4 cells). Note, the time constant in (C) represents the initial time
constant immediately after removal of Mg?* and atomoxetine. Mea-
surements were performed in extracellular low Ca?* solution with the
membrane potential held at -80 mV.

Clinical implications

The core symptoms of ADHD can be effectively treated by
psychostimulants for decades and recently also by atomoxet-
ine, a NET inhibitor. As the main and best investigated effects
of these substances are the inhibition of the presynaptic
monoaminergic transporters, ADHD research primarily con-
centrated on the monoaminergic system. Assuming that the
level of dopamine and noradrenaline might be too low in the
synaptic cleft, the effect of psychostimulants and atomoxet-
ine were mainly attributed to the inhibition of the presynap-
tic transporter molecules because the blocking of DAT and
NET leads to an increased level of the neurotransmitters at
the postsynaptic receptors. In the last years, preclinical and
clinical data emerged that also alterations in other neu-
rotransmitter systems, especially interactions with glutamate
metabolism, might play a role in the pathophysiology of this
highly prevalent and impairing disorder (Carrey et al., 2007;
Lulé et al., 2008).
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Lou (1996) was one of the first authors who considered that
glutamate metabolism might also play a key role in the patho-
physiology of ADHD. He pointed out that the striatum as an
anatomical core structure in ADHD is highly vulnerable to
ischaemia-induced liberation of glutamate, as glutamatergic
afferent synaptic transmission from almost the entire cortex
converge in the striatum. This fact might also explain the
correlation between prematurity and high incidence of ADHD
because prematurity often accompanies hypoxic-ischaemic
events.

Jensen et al. (2009) hypothesized that abnormalities in the
excitatory glutamatergic synaptic transmission might contrib-
ute to the altered behaviour in the spontaneously hyperten-
sive rat (SHR) which is the best validated animal model of
ADHD. They found a reduced synaptic transmission in hip-
pocampal neurons of adult SHR compared with age-matched
controls. Even more interestingly they described a similar
long-term potentiation (LTP) in both groups but only in the
SHR a significant LTP reduction by a GluN2B-specific receptor
blocker. The blocker had no effect in the control group. As
GluN2B receptors usually are functionally predominant at an
early developmental stage (also in humans), this finding
might point to an altered development of the glutamatergic
system. In support of this, a genetic study in 205 families
suggested an association between variations in the GluN2B
subunit gene and ADHD (Dorval et al., 2007).

Do we have clinical evidence for a role of glutamatergic
transmission in ADHD?

A proton magnetic resonance spectroscopy study investigated
the glutamatergic system in the anterior cingulate cortex of
children and adolescents with ADHD and with ADHD plus
bipolar disorder, in comparison with controls (Moore et al.,
2006). The authors revealed a significantly higher ratio of
glutamate plus glutamine to myo-inositol-containing com-
pounds in the ADHD children than in the healthy children.

Carrey et al. (2002) conducted a magnetic resonance spec-
troscopy study in four children, two of them had previously
been treated with methylphenidate and the other two had
been treated with atomoxetine. All four positively responded
to treatment, only the two with atomoxetine showed changes
in the glutamate/creatine ratio. Memantine, an uncompeti-
tive NMDA receptor antagonist used for the treatment of
Alzheimer’s disease, was evaluated in an open-label pilot
study for its effectiveness in paediatric patients with ADHD
(Findling et al., 2007b). Two different doses, 10 mg-day' and
20 mg-day ' were used. The higher dose was associated with a
higher rate of completion and larger mean improvement on
the clinical assessment scales.

Thus, a modulation of NMDA receptor activity might be at
least part of an effective treatment for ADHD. We draw the
conclusion from our data that the antagonism at NMDA
receptors by atomoxetine might contribute to the clinical
effect of this compound.

The effective concentrations used in this in vitro study are
equivalent to plasma concentrations in treated patients. Ato-
moxetine is metabolized through the cytochrome P-450 2D6
(CYP2D6) enzyme pathway, which is genetically polymorphic
in humans. These genetic variations lead to a bimodal
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distribution of the pharmacokinetics with two distinct popu-
lations: extensive metabolizers and poor metabolizers (7% of
Caucasians). In a study that evaluated the pharmacokinetics
of atomoxetine in paediatric patients the atomoxetine Cp.x
(ng-mL™") observed ranged from 80 to 212 ng-mL™ after a
10 mg single dose (Witcher et al., 2003). After a 20-45 mg
twice daily regimens, the atomoxetine C.,.x observed ranged
from 174 to 1221 ng-mL™, the latter concentration close to
5 uM. All participants were extensive metabolizers. Studies
performed as part of the atomoxetine clinical development
programme suggest that total plasma exposure in poor
metabolizers is approximately 10-fold higher when compared
with extensive metabolizers (Sauer et al., 2005).

A very recent microdialysis evaluation in rats revealed a
high brain penetration and an atomoxetine concentration in
brain cells that is many times higher than in plasma (Kielbasa
et al., 2009). However, it should be kept in mind that these
concentrations do not necessarily represent the concentration
in the biophase (Kielbasa et al., 2009). Plasma concentrations
of atomoxetine are about several uM. To our knowledge, con-
centrations in the human brain have not yet been investi-
gated. As the inhibition of the NMDA receptors took place in
the low uM range in our in vitro study, this effect might well
be relevant also in vivo.

In conclusion, we have found that atomoxetine exerted a
dose-dependent antagonistic effect on NMDA receptors. The
concentrations exerting 50% inhibition (ICs)) were compa-
rable to, or even lower than the plasma concentrations mea-
sured under treatment (S uM). Data are not available yet
showing the atomoxetine concentrations achieved in the
brain after clinical doses. Future clinical (imaging) and pre-
clinical (in vitro and animal) studies will certainly help to
assess the role of these novel mechanisms in neuropsychiatric
disorders and their treatment.
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